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3. Ferromagnetism in hexaborides: discovery – disproof – rebuttal 
Young (Young 1999) reported ferromagnetism in La-doped calcium hexaboride (CaB6) 
where  a few of the calcium atoms a replaced with lanthium atoms. This discovery was taken 
as a mark of a long-sought mechanism for ferromagnetism in metals, where the 'electron gas' 
is susceptible to magnetic ordering at low density (Ceperley  1999); in other words, a 
phenomenon of high-temperature weak ferromagnetism at low-carrier concentration 
(HTFLCC) with no atomic localized moments. Later unusual ferromagnetism in hexaborides 
was reported for undoped MB6 (M = Ca, Sr, Ba) (Ott 2000; Vonlanthen 2000).  Sharp 
decrease in saturation with the increase of doping level ruled out the effects of an accident 
contamination but required consideration from the viewpoint of the electronic band structure. 
One school attributed this phenomenon to the polarization of low density electronic gas, 
another school to the hole doped excitonic insulator, whereas several authors insisted that the 
mechanism for magnetism in this compound is strongly connected to defects. 
At the moment of the discovery of weak ferromagnetism alkaline-earth hexaborides 
were believed to be either semiconductors or semimetals (Massida 1997). Low electron doping 
with La3+ (order of 0.1%) was shown to result in an itinerant type of ferromagnetism stable 
up to 600 K (Young 1999) and almost 1000 K. (Ott 2000).  Magnetic order was ascribed to 
the itinerant charge carriers: a ferromagnetic phase of a dilute three-dimensional electron gas 
(Young 1999; Ceperley 1999). A different approach is based on the formation of excitons 
between electrons and holes in the overlap region around the  point (Zhitomirskyi 1999, 
Murakami 2002)The idea of ferromagnetic instability in the excitonic metal was further 
developed by adding the effect of imperfect nesting on the excitonic state (Veillette 2002). 
ESR experiments give some evidence that ferromagnetism of hexaborides is not a 
bulk phenomenon, but spins exist only within the surface layer of approximately 1.5 m 
thick (Kunii 2000). Band calculations (Jarlborg 2000) demonstrated a possibility for 
ferromagnetism below the Stoner limit. Observations of anomalous NMR spin-lattice 
relaxation for hexaborides showed the presence of a band with a coexistence of weakly 
interacting localized and extended electronic states (Gavilano 2001 ). Measurements of 
thermoelectric power and the thermal conductivity in the range of 5 – 300 K  showed that it is 
described by scattering of electrons on acoustic phonons and ionized impurities in the 
conduction band, which is well separated from the valence band (Gianno 2002). The 
explanation of the origin of weak but stable ferromagnetism with the model of a band overlap 
has become a problem. 
 Parameter-free calculations of the single-particle excitation spectrum based on the so-
called GW approximation predict a rather large band gap. CaB6 should not be considered a 
semimetal but as  a semiconductor with a band gap of 0.8 eV (Tromp 2001). Angle-resolved 
photoemission showed a gap between the valence and conduction bands in the X point, which 
exceeds 1 eV (Denlinger 2002). Assuming that CaB6 is a semiconductor, magnetism is 
considered to be due to a La-induced impurity band, arising on the metallic side of the Mott 
transition for the impurity band (Tromp 2001). 
Of alll intrinsic point defects, the B vacancy bears a magnetic moment of 0.04 B.  
The ordering of the moments can be understood in the assumption that in the presence of 
compensating cation vacancies a B6 vacancy cannot be neutral (Monnier 2001). A support for 
the impurity-band mechanism has been found from the electrical and magnetic measurements 
on several La-doped samples (Terashima 2000).The models for a doped excitonic insulator  
included spatial inhomogeneity (Balents 2000) and phase separation with appearance of a 
superstructure (Barzykin 2000). 
Shortly after the striking observation of high-temperature weak ferromagnetism, a 
discussion  was opened concerning the possibility of a parasitic origin of the  hexaboride  
ferromagnetism (Matsubayashi 2002). Replying to the claims, the authors of the pioneering 
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work (Young 2002) noted that these new findings did not contradict their picture (Fisk 2002) 
where the magnetism is due to strongly interacting magnetically active defects in off-
stoichiometric CaB6 crystals. Iron with a concentration of about 0.1 atomic per cent is indeed 
involved in the weak high-temperature ferromagnetism of CaB6 although the exact 
mechanism is still unclear and probably highly nontrivial (Young 2002). Sources of iron were 
boride commercial powders, boron powder, and aluminum metal, used in significant quantity 
as a flux for crystal growth (Otani 2002; Otani 2003). Iron is concentrated in the surface 
region (Meegoda 2003).  Fe and Ni are found at the edges of facets and growth steps  
(Bennett 2004   
The understanding that iron is somehow involved in the  ferromagnetism of CaB6 has 
not stopped claims the magnetism is of a nontrivial origin. The presence of transition metals 
could not account for the dependence of magnetism on La or Ca concentration (Young 2002 , 
Cho 2004), enhanced magnetization and increased ordering temperature during the sample 
storage in air (Lofland 2003). No dependence of the saturation magnetization on Fe 
concentration was found (Young 2002). Having studied CaB6 crystals of different purity, the 
experimenters analyzed the formation of the mid-gap states and suggested that the exotic 
ferromagnetism in CaB6, in part, cannot be ascribed to a magnetic impurity (Cho 2004).The 
experiments on thin films (Dorneles 2004) have shown that Fe/Ca atomic ratio exceeding 
100% would be needed to explain the sample magnetization. Huge magnetic moments were 
detected at the surface layers of thin films of disordered CaB6 and SrB6 (Dorneles 2004). 
Lattice defects are suggested as the  origin of the high-temperature magnetism in 
hexaborides. 
Ab initio calculations (Maiti 2008) show that a vacancy exhibits a magnetic moment. 
A photoemission study (Rhyee 2004) reveals the presence of weakly localized states in the 
vicinity of the Fermi level in the ferromagnetic CaB6, whereas it is absent in the paramagnetic 
LaB6 (Medicherla 2007). All these results suggest that the nature of ferromagnetism is 
intrinsic. Its nature is different from that of diluted magnetic semiconductors because it is 
related to the presence of localized states at the Fermi level originating from the boron 
vacancies.  The model (Edwards and Katsnelson 2006) has been able to explain not only 
ferromagnetism of undoped CaB6, but also sheds light on the non-trivial role of iron in iron-
contaminated samples. 
 
4. Magnetic semiconducting oxides 
Dilute magnetic oxides (DMO) is another example of systems where magnetism 
appears eh nihilo. As predicted by Dietl et al.,(Dietl 2000) ZnO and GaN can be the host 
candidate for the room-temperature ferromagnetic DMS. There is growing evidence that the 
mechanism responsible for the emergent behaviour is different from DMS and stems from the 
interface effects (Brinkman 2006, Hernando 2006), although the carrier mediation 
mechanism is still under discussion (Calderon 2007). 
4.1 Zink oxide First observations of magnetism in DMO were made on the oxides 
TiO2 (Matsumoto 2001) and ZnO (Ueda 2001) doped with a transition metal cobalt. Question 
of intrinsic nature arose (Norton 2003), since some studies reported the phase separation and 
the formation of ferromagnetic clusters (see Janish 2005 for a review). 
The most recent results have demonstrated that oxide thin films or nanostructures do 
not need magnetic cations to become magnetic Cobalt suppresses ferromagnetism in ZnO 
(Ghoshai 2008). RTFM was found in non-transition-metal-doped ZnO (Coey 2005c), in ZnO 
single crystals implanted by Ar ions (Borges 2007), doped with carbon (Pan 2007). 
Enhancement of RTFM upon thermal annealing was found in pure ZnO (Banerjee 2007) and 
explained by the formation of the anionic vacancy clusters.  
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RTFM was attributed to Zinc vacancies (Xu 2008), (Wang 2008). A robust 
ferromagnetic state is predicted at the O (0001) surface (Sanches 2008). ZnO nanowires show 
RTFM (Yi 2008) owing to Zn clusters.  ZnO films  covered with  Zn, Al, Pt  do show RTFM 
while (Ag, Au)/ZnO do not (Ma 2008).  ZnO becomes ferromagnetic once oxygen defects are 
introduced in it (Sanyal 2008).   The FM in this type of compound stem from defects on Zn 
sites (Hong 2007b). Size and shape of nanocrystals are important. (Yan 2008). Ferromagnetic 
order can be induced in ZnO by 2p light element (N) doping (Shen 2008) or by means of Fe 
ion implantation or just by vacuum annealing at mild temperatures without any transition 
metal doping (Zhou 2008). The model of oxygen vacancies (Chakraborti 2007) contradicts to 
the DFT calculations (Ye 2006) which show that vacancies tend to destroy ferromagnetism. 
The experiments on ZnO:Cu nanowires (Shuai 2008)  speak against the oxygen vacancies. 
FM may occur due to the hybridization between partly occupied Cu 3d bands and O 2p 
bands: these energy levels are closely situated, and the delocalized holes induced by O 2p and 
Cu 3d hybridization can efficiently mediate the ferromagnetic exchange interaction (Huang 
2006). XMCD studies on Co and Li doped ZnO haven’t revealed any element specific 
signature of ferromagnetism.  . This result suggest that RTFM in doped ZnO has an intrinsic 
origin and is caused by the oxygen vacancies (Tietze 2008). Ferromagnetism in Ga-doped 
ZnO was attributed to vacancies (Bhosle 2008), the Zn vacancy (Wang 2008). (Potzder 2008) 
used hammer for inducing RTFM. 
  RTFM in Cu-doped ZnO was theoretically predicted (Ye 2006, Park 2003, Wu 
2006) and observed experimentally (Ando 2001, Cho 2004, Chakraborti 2007, Hou 2007, 
Xing 2008) . However, a magnetic circular dichroism study in Cu-doped ZnO thin films did 
not detect any significant spin polarization on the Cu 3d and O2 p states, although the samples 
showed RTFM and were free of contamination (Keavney 2007). Several Cu-doped oxides 
have been studied (Dutta 2008), but only ZnO oxide demonstrates ferromagnetic behaviour, 
thus the CuO phase is suggested to be a paramagnet. A comparative study on Cu-doped ZnO 
nanowires prepared by two distinct methods demonstrated an enhancement of RTFM by 
structural inhomogeneity (Xing 2008). The results suggest that RTFM is not a homogeneous 
bulk property, but a surface effect by nature.  
  4.2. Titanium oxide  A semiconducting material, TiO2-δ is ferromagnetic up to 880 
K, without the introduction of magnetic ions (Yoon 2006). The subscript (2-δ) implies 
oxygen deficiency in the samples, or the presence of oxygen vacancies. RTFM has been 
observed in TiO2-δ nanoparticles synthesized by the sol-gel method and annealed under 
different reducing atmosphere (Zhao 2008). (Zhao 2008) explain their results by the 
aggregation of the oxygen vacancies. Pure TiO2 thin films demonstrated RTFM when 
annealed in vacuum (Sudakar 2008), while the air-annealed samples showed  negligible 
magnetic moments. 
Spin coated pristine TiO2 thin films show magnetic behavior  similar to that of pulsed 
laser ablated TiO2 thin films (Hassini 2008). RTFM is induced by oxygen ion irradiation 
(Zhou2009). The origin of the collective behavior is ascribed to magnetic moments is the 
holes introduced by the titanium vacancies but not oxygen vacancies (Peng2009) The set of 
experimental data on transition metal-free oxides raised the question: Does Mn doping play 
any key role in tailoring the ferromagnetic ordering of TiO2 thin films? (Hong 2006), When 
the Mn concentration is small and does not distort the TiO2 structure, it enhances the 
ferromagnetic component into the magnetic moment of the already ferromagnetic TiO2 film 
base, which is already ferromagnetic, then enhances it. But at higher concentrations Mn 
drastically degrades and destroys the ferromagnetic ordering. These experiments show that 
Mn doping indeed does not play any key role in introducing FM in TiO2 thin films. In other 
words, magnetic semiconducting oxides cannot be considered as a variety of dilute magnetic 
semiconductors DMS, DMO are not DMS. 
5 
4.3. Hafnium oxide. Unexpected magnetism was observed in undoped HfO2 thin 
films on sapphire or silicon substrates (Venkatesan 2004). While for the films prepared by 
pulsed laser deposition the results were confirmed (Hong 2006), other groups did not observe 
the effect on the films grown by metallorganic chemical vapor deposition (Abraham 2005) 
and by pulsed-laser deposition (Rao 2006). Weak signal in  lightly Co-doped HfO2 films it 
came  presumably from a Co rich surface layer (Rao 2006). The ferromagnetic signal was 
ascribed to possible tweezer contamination (Hadacek 2007). An intrinsic magnetism was not 
identified either on films, or on HfO2 powders annealed in pure hydrogen flow (Wang 2006). 
On the theoretical side, the RTFM in the HfO2 system is not forbidden. Isolated cation 
vacancies in HfO2 may form high-spin defect states resulting in a ferromagnetic ground state 
(Das Pemmaraju 2005). A model for vacancy-induced ferromagnetism is based on a 
correlated model for oxygen orbitals with random potentials representing cation vacancies 
(Bouzerar 2006).  Colloidal HfO2 nanorods with controllable defects have been synthesized 
(Tirosh 2007). Defects have been studied by high-resolution electron microscopy and by 
optical absorption spectroscopy, and it was shown that nanocrystals with a high defect 
concentration exhibit ferromagnetism and superparamagnetic-like behavior. The RTFM of 
amorphous HfAlOx thin films has been demonstrated (Qiu 2006) and interfacial defects 
suggested as are one of the possible sources . 
4.4. Other nonmagnetic oxides. Ferromagnetism in oxides can be induced by the 
elements of Periodic Table which have nothing to do with magnetism in the bulk state. Ab 
initio study (Maca 2008) of the induced magnetism in ZrO2 shows that the substitution of the 
cation by an impurity from the groups IA or IIA of the Periodic Table (K and Ca) leads to 
opposite results: K impurity induces magnetic moment on the surrounding O atoms in the 
cubic ZrO2 host whilst Ca impurity leads to a nonmagnetic ground state.  Similarly, 
experiments on Mn-doped SnO2 films show that a transition-metal doping does not play any 
key role in introducing FM in the system (Hong 2008). Observation of room temperature 
ferromagnetism in nanoparticles of nonmagnetic oxides such as as CeO2, Al2O3, ZnO, In2O3 
and SnO2 (Sundaresan 2006) lead to a conclusion which is probably adventurous: 
ferromagnetism is a universal feature of nanoparticles of otherwise non-magnetic oxides. 
CeO2 nanoparticles and nanocubes have been investigated both experimentally and 
theoretically (Ge 2008), and it is found that monodisperse CeO2 nanocubes with an average 
size of 5.3 nm do show ferromagnetic behavior at ambient temperature. Size dependent 
ferromagnetism in cerium oxide nanostructures was found to be independent of oxygen 
vacancies (Liu 2008). Ferromagnetism in nanosized CeO2 powders was studied in 
nanoparticles of different sizes but found only in sub-20 nm powders. Remarkable room-
temperature ferromagnetism was observed in undoped TiO2, HfO2, and In2O3 thin films 
(Hong 2006). In another study, no trace of ferromagnetism has been detected  in In2O3   
(Berardan 2008). Room temperature size dependent ferromagnetism was observed in sub-20 
nm sized CeO2 nanopowders; FM is not linked to oxygen vacancies, but possibly to the 
changes of a cation surface defect state. The occurrence of spin polarization at ZrO2, Al2O3 
and MgO surfaces is proved by means of ab initio calculations within the density functional 
theory (Gallego 2005).   
Creation of collective ferromagnetism in nonmagnetic oxides by intrinsic point defects such 
as vacancies has been discussed (Osorio-Gullien 2007).   
. 
5. Magnetism in metal nanoparticles 
Magnetism in ~3  nm gold nanoparticles (Au NPs) with an unexpected large magnetic 
moment of about 20 spins per particle (Hori 1999) was followed by several papers   with the 
emphasis on the stabilization of the particles by various polymers, diameter dependence of 
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the ferromagnetic spin  moment, experimentally (Hori 2004) and theoretically (Michael 2007) 
and observation of spin polarization of gold by x-ray magnetic circular dichroism. 
Self-assembled alkanethiol monolayers on gold surfaces have been reported to show 
permanent magnetism (Crespo 2004). Au NPs capped with dodecanethiol showed 
superparamagnetic or diamagnetic behaviour depending  on ots size.  (Dutta 2007). It has 
been suggested that ferromagnetism is associated with 5d localized holes generated through 
Au-S bonds (Crespo 2004).  According to electron circular dichroism measurements carried 
out on thiolated organic monolayers on gold (Vager 2004), the magnetic moment originates 
from the orbital momentum.  Highly anisotropic giant moments were also observed for self-
organized organic molecules linked by thiols bonds to gold films (Carmelli 2003). The 
magnetic moment reaches 10 or even 100 µB per atom) for films, but it is extremely low 
(0:01 B per atom) for nanoparticles. Probably, this phenomenon is due to the directional 
nature of the assembled organic layers. Self-assembled monolayers on gold of double-
stranded DNA oligomers create a strong and oriented magnetic field (Ray 2006). An 
explanation invoking strong spin-orbit interaction is given(De La Venta 2007). 
X-Ray magnetic circular dichroism experiments (Yamamoto 2004) provided direct 
evidence for ferromagnetic spin polarization of Au nanoparticles.  Further XMCD studies 
(Negishi 2006) confirmed that the presence of localized holes created by Au-S bonding at the 
interface. The experimens with different capping agents clarified the role of adsorbing 
molecules (Guerrero 2008). Reversible phototuning of ferromagnetism was observed in gold 
nanoparticles   (Suda 2008). A direct observation of the intrinsic magnetism of Au-atoms in 
thiol-capped gold nanoparticles, which possess a permanent magnetisation at room 
temperature, (Garitaonandia 2008) was obtained by using two element specific techniques: 
X-ray magnetic circular dichroism on the L edges of the Au and Au-197 Moessbauer 
spectroscopy.   
Some 4d elements, nominally nonmagnetic, e.g., Ru, Rh, Pd, (Sampedro 2003),  (Ito 
2008).  may also exhibit nanoscale magnetism. Platinum atoms, not magnetic in the bulk, 
become magnetic when grouped together in small clusters (Liu 2006). Platinum monatomic 
nanowires were predicted to spontaneously develop magnetism, (Smogunov 2008b), and it 
was shown that Pd and Pt nanowires are ferromagnetic at room temperature, in contrast to 
their bulk form (Teng 2008).  Magnetic properties of Ru/Ta mixture drastically changes by 
Xe atom  irradiation, and the reason is  the formation of small clusters in the Ru/Ta matrix 
under irradiation (Wang 2006). Potassium clusters display a non-trivial magnetic behaviour 
on the nanoscale: low T ferromagnetism when the clusters are incorporated into zeolite lattice 
(Nozue 1992). Two models have been invoked to explain this beghaviour: spin-canting 
mechanism of antiferromagnet (Nakano 2000 and N-type ferrimagnetism (Nakano 2006) 
which is constructed of non-equivalent magnetic-sublattices of K clusters the matrix.  
Accommodated in the magnetic nanographene-based porous network potassium clusters, 
which are 60 atoms on average, become antiferromagnetic (Takai 2008) due to the  charge 
transfer with the host nanographene. 
The results on metal films and nanoparticles point out the possibility to observe 
magnetism at nanoscale in materials without transition metals and rare earths atoms, and are 
of fundamental value to understand the magnetic properties of surfaces. The available 
explanation of orbital ferromagnetism and giant magnetic anisotropy at the nanoscale 
(Hernando 2006) assumes the induction of orbital motion of surface electrons around ordered 
arrays of Au–S bonds 
 
6. Magnetism in semiconductor nanostructures 
 Semiconductor nanoparticles show increasing magnetization for decreasing  diameter 
(Neeleshwar 2005). RTFM in undoped GaN and CdS semiconductor nanoparticles of 
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different sizes was observed for the particles with the average diameter in the range 10-25 
nm.  RT saturation magnetization is of the order of 10-3 emu/g, which is comparable to that 
observed in nanoparticles of nonmagnetic oxides. . Agglomerated particles of GaN and CdS 
loose the FM properties: the saturation magnetic moment decreases with the increase in 
particles size, suggesting that ferromagnetism is due to the defects confined to the surface of 
the nanoparticles (Madhu 2008). Ferromagnetism has been also measured in PbS attached to 
the GaAs substrate (Zakrassov 2008). RTFM in CdSe quantum dots (QD) capped with TOPO 
(tri-n-octylphosphinehas) been observed (Seehra 2008). The strength of magnetism  weakens 
with increase in size of the QDs. This phenomenon is classified as ex-nihilo magnetism since 
the effect stems from the contact of two diamagnetic materials, namely CdSe and TOPO.  
The magnetism here is possibly due to the charge transfer from Cd d-band to the oxygen 
atoms of TOPO. 
Adsorption of monolayers of organic molecules onto the surface of ferromagnetic 
semiconductor heterostructures produces large, robust changes in their magnetic properties 
(Kreutz 2003). Effects of chemisorption of polar organic molecules onto ferromagnetic 
GaAs/GaMnAs heterostructures has been investigated (Carmeli 2006). The new electronic 
and magnetic properties emerge from      the charge transfer from the organized organic layer 
substrate and, in particular, from  the alignment of the spin of  the transferred electrons/holes 
(Naaman 2006). Defect-induced ma GaN is believed to be due to a Ga vacancy defect which 
can show induced local magnetic moment in N atoms (Hong J 2008).  Cation-vacancy 
induced intrinsic magnetism in GaN and BN is investigated, and a dual role of defects is 
shown: First, the defects create a net magnetic moment, and second, the extended tails of 
defect wave functions mediate surprisingly long-range magnetic interactions between the 
defect-induced moments (Dev 2008). 
 
7. Ferromagnetism in carbon nanostructures 
7. 1. Pyrolitic carbonaceous materials. Magnetic ordering at high temperatures in 
carbon-based compounds has been persistently reported since 1986 (reviewed in Makarova 
2004).  The earlier results on magnetic carbon compounds obtained by pyrolysis of organic 
compounds at relatively low temperatures were poorly reproducible. 
7.2. Graphite. Ferromagnetic and superconducting-like magnetization hysteresis 
loops in  highly oriented pyrolitic graphite (HOPG) samples above room temperature were 
reported (Kopelevich 2000). Later the authors retracted from superconducting-like hysteresis 
loops as they had been partially influenced by an artefact produced by the SQUID current 
supply, but ferromagnetic behaviour remained beyond doubts (Kopelevich and Esquinazi 
2007). Absence of correlation between magnetic properties and impurity content was found 
in highly oriented pyrolytic graphite (Esquinazi 2002), suggesting intrinsic ferromagnetic 
signal. 
7.3 Porous graphite. Various independent groups have reported ferromagnetism and 
anomalous magnetic behaviours in porous graphitic based materials.  Ferromagnetic 
correlations have been observed in activated mesocarbon microbeads mainly composed of 
graphitic microcrystallites  (Ishii 1995). RTFM has been found in microporous carbon with a 
zeolite structure  (Kopelevich 2003). Similar behaviour was described for glassy carbon 
(Wang 2002), The carbon nanofoam  (Rode 2004) exhibits ferromagnetic-like behaviour with 
a narrow hysteresis curve and a high saturation magnetization. Strong magnetic properties 
fade within hours at room temperature; however, at 90 K the foam's magnetism persists for 
up to 12 months. Magnetic behaviour is close to the spin glass picture with unusually high 
freezing temperature (Blinc 2006). The higher g factors are typical of amorphous carbon 
systems with   strongly nonplanar parts of a carbon sheet (Arcon 2006).  Oxygen eroded 
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graphite (Mombru 2005, Pardo 2006) shows multilevel ferromagnetic behaviour with the 
Curie temperature at about 350 K. 
7.4. Carbon nanoparticles.  For carbon nanoparticles prepared in helium plasma 
(Akutsu 1999), the saturation magnetization increases with decreasing grain size, and the 
grain size of the carbon fine particles having the highest magnetization is 19 nm. More 
recently, ferromagnetism was found in carbon nanospheres (Caudillo 2006), macrotubes (Li 
2007) necklace-like chains and  nanorods (Parkansky, 2008), highly oriented pyrolytic 
graphite nanospheres grown from Pb-C nanocomposites (Li 2008). Interestingly, magnetic 
carbon nanoparticles have mainly spherical shapes.  
7.5. Nanographite. Various types of magnetic behaviour were discovered in 
nanocarbon derived from graphite (Andersson 1998).  Strong antiferromagnetic coupling has 
been  found between the spins localized on the surface of similar particles (Osipov 2006).   
Another example is activated carbon fibers (Shibayama 2000 indicating a presence of a 
quenched disordered magnetic structure like a spin glass state. Physisorptoiuon of water 
drastically changes magnetic properties, although water itself is nonmagnetic (Sato 2003). 
Water molecules compress the nanographite domains, reducing the  interlayer distance in a 
stepwise manner.  (Sato 2007). The physisorption of various guest materials can cause a 
reversible low-spin/high-spin magnetic switching phenomenon, while oxyhen molecules 
physisorption is responsible for the giant magnetoresistance of the nanographite network  
(Enoki 2008). 
7.6. Fullerenes. Polymer – С60 composite with room temperature ferromagnetism was 
first reported when С60 was ultrasonically dispersed in a dimethylformamide solution of 
polyvinylidenefluoride (Ata 1994). Fullerene hydride С60H36  (Lobach 1998) and  С60H24 
(Antonov 2002) have been reported to be room-temperature ferromagnets. Room-temperature 
ferromagnetism of polymerized fullerenes was first reported when the samples were exposed 
to oxygen under the action of the strong visible light (Murakami 1996). In photopolymers 
saturation magnetization progressively increases with increasing exposure time (Makarova 
2003). The existence of ferromagnetic phase in photolyzed С60 was confirmed by the three 
methods. (1) SQUID; (2) Ferromagnetic resonance in the EPR; (3) Low-field nonresonance 
derivative signal (Owens 2004). The experiments were done in a chamber with flowing 
oxygen,  which exclude any possibility of penetration of metallic particles during the 
experiment. The presence of a magnetically ordered phase was revealed in pressure-
polymerized С60 (Makarova 2001). Later several authors retracted from this paper on the 
grounds that the impurity content measured on the surface of the samples by Particle Induced 
X-Ray scattering (PIXE) was higher than that obtained by the bulk impurity analysis and that 
the Curie temperature was close to that of  Fe3C. Some authors did not agree with the 
retraction. One of the reasons of disagreement was that the concentration of impurities within 
the information depth of the PIXE method (36 µm) measured on the same samples was still 3 
times less than necessary for the observed magnetic signal (Han 2003, Spemann 2003).  The 
whole set of experiments was repeated with the same team of technologists and on the same 
equipment (Makarova and Zakharova 2008), and for several samples the magnetization 
values were higher than those expected from the metallic contamination. Having followed in 
situ the depolymerization process through the temperature dependence of the ESR signal 
(Zorko 2005), the authors conclude that  the magnetic signal is directly connected with the 
polymerized fullerene phase and cannot be attributed to iron compounds. Systematic study of 
synthesis conditions for the production of the ferromagnetic fullerene phase was made by 
another team. Only samples prepared in a narrow temperature range show a ferromagnetic 
signal with a qualitatively similar magnetic behavior (Narozhnyi 2003). 
 .
A different method 
was used for the preparation of the ferromagnetic polymers of C60:  multi-anvil octupole press 
(Wood 2002). Inelastic neutron scattering analysis of the ferromagnetic phase in the 
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polymerized fullerene sample showed a sufficient presence of hydrogen (Chan 2004). С60 
adsorbed on silicon surface has an antiferromagnetic ground state (Lee 2009). 
7.7. Irradiated carbon structures 
Studies of irradiated carbon structures provided convincing proof for the intrinsic 
origin of the effect. This is the case of the proton-irradiated HOPG where the ultimate purity 
of the material is proved by simultaneous measurements of the magnetic impurities 
(Esquinazi 2003).Elementally sensitive experiments on proton bombarded graphite provided 
fast evidence for metal-free carbon magnetism (Ohldag 2007). The temperature behaviour 
suggests two-dimensional magnetic order (Barzola 2007). Ferromagnetism was found in  
irradiated fullerenes with 250 keV Ar and 92 MeV Si ions, (Kumar 2006), with 10 MeV 
oxygen ion beam  (Kumar 2007), 2 MeV protons (Mathew 2007). Paradoxically, if one 
bombards graphite with iron and hydrogen, both produce similar paramagnetic contributions. 
However, only protons induce ferromagnetism (Hohne 2008, Barzola 2008). 
Mechanism for ferromagnetism in H+ irradiated graphite is largely unknown and may 
result from the appearance of bound states due to disorder and the enhancement of the density 
of states (Araújo 2006), can be induced by single carbon vacancies in a three-dimensional 
graphitic network (Faccio 2008); magnetism decreases for both diamond and graphite with 
increase in vacancy density (Zhang 2007).  The role of hydrogen is not well understood as 
magnetism should survive only at low H concentrations (Boukhvalov 2008). The mechanism 
of ferromagnetism in disordered graphite samples is considered to arise from unpaired spins 
at defects, induced by a change in the coordination of the carbon atoms (Guinea 2006). 
Several works discuss theoretical models which address the effects of electron–electron 
interactions and disorder in graphene planes (González 2001, Stauber 2005). 
7.8.Magnetic nature of intrinsic carbon defects 
Defects in graphite always reduce the diamagnetic signal. In a simplified picture, 
vacancies, adatoms, pores and bond rotations enhance local paramagnetic ring currents and 
produce local magnetic moments (Lopez-Urias 2006). Theory allows also magnetism in 
diamond structures. (Cho 2008). 
Adatoms and vacancies. Carbon adatoms    possess a magnetic moment of about 0.5  
µB whereas carbon vacancies in graphitic network generate a magnetic moment of about 
1 µB (Ma 2004). Vacancies in graphite, both  ordinary and hydrogenated create new states 
below the Fermi level. (Lehtinen 2003) 
First-raw elements A specific case of defects is the presence of the first-raw 
elements, although they cannot be unambigously classified as intrinsic carbon defects. The 
most important defect is hydrogen: Unsaturated valence bonds at the boundaries of graphene 
flakes are filled with stabilizing elements; among these stabilizers hydrogen atoms are the 
common ones. The entrapment of hydrogen by dangling bonds at the nanographite perimeter 
can induce a finite magnetization. A theoretical study of a graphene ribbon in which each 
carbon atom is bonded to two hydrogen atoms at one edge and to a single hydrogen atom at 
the other edge  shows that the structure has a finite total magnetic moment (Kusakabe 2003).  
Combination of different  edge structures (by means of hydrogenation, fluorination or 
oxidation) is proposed as a guiding principle to design magnetic nanographite (Maruyama 
2004). Hydrogenation of carbon materials can induce magnetism through termination of 
nanographite ribbons,  adsorption on the CNT external surface (Pei 2006),  trapping at a 
carbon vacancy or pinning by a carbon adatom (Ma 2005). 
Other elements which may strongly influence magnetic behaviour of carbon are boron and 
nitrogen. Border states in hexagonally bonded BNC heterosheets have been predicted to lead 
to a ferromagnetic ground state, a manifestation of flatband ferromagnetism (Okada and 
Oshiyama 2001). In heterostructured nanotubes, partly filled states at the interface of carbon 
and boron nitride segments may acquire a permanent magnetic moment. Depending on the 
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atomic arrangement, heterostructured C/BN nanotubes may exhibit an itinerant ferromagnetic 
behavior owing to the presence of localized states at the zigzag boundary of carbon and boron 
nitride segments (Choi 2003) 
Curvature Stone-Wales defects and related structures with negative Gaussian 
curvature. Gaussian negative curvature provides a mechanism for steric protection of the 
unpaired spin (Park 2003).   A particular case of` a graphene modification is the Stone-Wales 
defects, or topological defects, caused by the rotation of carbon atoms which leads to the 
formation of five- or sevenfold rings. A novel class of curved carbon structures, Schwarzites 
and Haeckelites, has been proposed theoretically (Mackay 1991). Schwarzite is a form of 
carbon containing graphite-like sheets with hyperbolic curvature, So far, periodic schwarzites 
have not been realized experimentally; however, there is experimental evidence that random 
Schwarzite structures are present in a cluster form in such carbon phases as spongy carbon 
(Barborini 2002)  and carbon nanofoam (Rode 2004).  In the systems with negative Gaussian 
curvature, unpaired spins can be introduced by sterically protected carbon radicals. Not only 
negative Gaussian curvature may lead to magnetism; the same is true for the positive: carbon 
compounds that display an odd number of pentagons and heptagons, present polarization in 
the ground state (Azevedo 2008). 
Zigzag edges Nanographite is characterized by the dependence of electronic structure 
on edge termination: edge states are present on variously terminated zigzag edges but are 
absent at the armchair edges (Fujita 1996).  These states produce large electronic density of 
states at the Fermi level and play an important role in the unconventional nano-magnetism 
(Enoki 2007). It is suggested that the basic magnetic mechanism is spin polarization in these 
highly degenerate orbitals or in a flat band (Kusakabe 2006). Similar predictions have been 
made for ZnO nanoribbons with zigzag-terminated edges (Botello-Mendez 2008). Zigzag 
carbon nanotubes may exhibit different types of ordering (Wu2009). 
Defects in fullerenes Ferromagnetism in fullerenes is also thought to be of defect 
nature. It was shown both theoretically (Okada and Oshiyama 2003) and experimentally 
(Boukhvalov 2004) that the ideal polymerized fullerene matrix is not magnetic. Partial 
disruption of interfullerene bonds: linking of molecules through a single bond is preferred for 
multiplet states of system (Chan 2004). Cage distortion of C60 in polymerized two-
dimensional network leads to competition between diamagnetic and ferromagnetic states 
(Nakano 2004).  Certain types of vacancies in coexistence with the 2 + 2 cycloaddition bonds   
represent a generalized McConnell's model for high-spin ground states in the systems with 
mixed donor-acceptor stacks (Andriotis 2005). Donor-acceptor mechanism was considered 
for the case of microscopic electric charge inhomogeneities introduced in a polymeric 
network.  Two charged adjacent fullerenes interact ferromagnetically, and the ground state of 
a charged dimer is triplet (Kvyatkovskii 2004).  The C60 doublet radicals appear after the 
application of pressure, and this state has a long life state (Ribas-Arino 2004a). The 
evaluation of capability of the C60 molecule to act as a magnetic coupling unit was made: C60 
diradical is an excellent magnetic coupler (Ribas-Arino 2004b). Some metastable isomer 
states with zigzag-type arrangement of the edge atoms of C60 may form during the cage 
opening process (Kim 2003).  Long-range spin coupling, which is an essential condition for 
the ferromagnetism, has been considered   through the investigation of an infinite, periodic 
system of polymerized C60 network. Chemically bonded hydrogen plays a vital role, 
providing a necessary pathway for the ferromagnetic coupling of the considered defect 
structure. C60 molecules become magnetically active due to the spin (and charge) transfer 
from dopants.  Magnetic transitions were reported for the TDAE-C60 ferromagnet, the 
(NH3)K3C60 antiferromagnet, AC60 and Na2AC60 polymers (A = K, Rb, Cs). Refs. 
(Kvyatkovskii 2005,  Kvyatkovskii 2006) consider the situation when C60 molecule is doped  
through the presence of structural defects and impurities which create stable molecular ions 
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C60±  and analyze the interaction of two adjacent molecules (i.e. dimer) embedded in a two-
dimensional polymeric network.  The main result is that the ferromagnetic interaction is 
possible only in the crystals where fullerenes have specific orientation. This type of 
orientation is provided by (2+2) cycloaddition reaction which forms a double bond (DB) 
between the buckyballs. 
 
7.9. Magnetism of graphene 
Experimentally, the observation of room-temperature graphene magnetism was 
claimed on the graphene material prepared from graphite oxide (Wang 2009).  
It has been shown theoretically (Vozmediano 2006) that the interplay of disorder and 
interactions in a 2D graphene layer gives rise to a rich phase diagram where strong coupling 
phases can become stable.   The theories predict itinerant magnetism in graphene due to the 
defect-induced extended states (Yazev and Helm 2007) while only single-atom defects can 
induce  FM in graphene-based materials (Yazev 2008) or short-range magnetic order peculiar 
to the honeycomb lattice with the vacancies (Kumazaki 2007a) or with hydrogen termination 
or a chemisorption defect (Kumazaki 2007b). The graphene magnetic susceptibility is 
temperature dependent, unlike an ordinary metal (Kumazaki 2007c). Spin susceptibility 
which decreases with temperature without impurities, takes a finite value with impurities 
which may enhance the tendency to a ferromagnetic ordered state. (Peres 2006). 
Finite graphene fragments of certain shapes, e, g, triangular or and hexagonal 
“nanoislands” terminated by zigzag edges (Fernandez-Rossier and Palacios 2007), or varable-
shaped graphene nanoflakes  (Wang 2008), as well as some “Star of David”-like fractal 
structures (Yazev 2008)  possess a high-spin ground state and behave as artificial 
ferrimagnetic atoms. Ferrimagnetic order emerges in rhombohedral voids with imbalance 
charge in graphene ribbons, and the defective graphene ribbons behave as diluted magnetic 
semiconductors (Palacios and Fernández-Rossier  2008). A defective graphene phase is 
foreseen to behave as a room temperature ferromagnetic semiconductor (Pisani). Both 
magnetic and ferroelectric orders are predicted (Fernandez-Rossier  2008). 
Edge state magnetism has been studied on realistic edges of graphene and is shown 
that only elimination of of zigzag parts with n > 3  will suppress local edge magnetism of 
graphene (Kumazaki 2008). The edge irregularities and defects of the bounding edges of 
graphene nanostructures do not destroy the edge state magnetism (Bhowmick 2008). 
However, such edge defects (vacancies) and impurities (substitutional dopants) suppress spin 
polarization on graphene nanoribbons which is caused by the reduction and removal of edge 
states at the Fermi energy (Huang 2008). Magnetic order in zigzag bilayers ribbons is also 
related to the properties of zigzag edges (Sahu 2008). Neutral graphene bilayers are proposed 
to be pseudospin magnets (Min 2008). In a biased bilayer graphite (Stauber 2008) a tendency 
towards a ferromagnetic ground state is investigated and shown that the phase transition 
between paramagnetic and ferromagnetic phases is of the first order. Spin is confined in the 
superlattices of graphene ribbons, and  in specific geometries magnetic ground state  changes  
from antiferromagnetic to ferrimagnetic (Topsakal 2008). 
The superlattices of graphene nanoholes exhibit long-range magnetic 
order and collective “bulk” magnetism (Yu2008). 
An alternative approach is connected with  pentagons, dislocations and other 
topological defects (Carpio 2008). Single pentagons and glide dislocations made of a 
pentagon-heptagon pair alter the magnetic behaviour, whereas the Stone-Wales defects are 
harmless in the flat lattice. 
The combination of hydrogen-induced magnetism and changeable thermodynamics 
upon variation of the graphene layer spacing makes graphene a reversible magnetic system  
(Lei 2008).  In graphene magnetism survives at low H concentrations (Boukhvalov  2008). A 
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number of  nanoscale spintronics devices utilizing the phenomenon of spin polarization 
localized at one-dimensional (1D) zigzag edges of graphene have been proposed (Yazyev and 
Katznelson 2008). Some of the theories created for graphene explain the experimental 
observations in observations proton bombarded graphite (Yazyev 2008b). 
A DFT study of single and double vacancies (SV and DV) in a graphene shee showed that  
metals embedded in the vacancies exhibit  interesting magnetic behavior. In particular, an Fe 
atom on a SV is not magnetic, while the Fe@DV complex has a high magnetic moment. 
Surprisingly, Au and Cu atoms at SV are magnetic (Krasheninnikov 2009). Magnetism at 
graphene edges is fragile with respect to oxidation, on the other hand, hydrogenation of the 
Stone-Wales defects may be a prospective way to create magnetic carbon (Boukhvalov 
2008).  
Carbon materials that exhibit ferromagnetic behaviour have been predicted 
theoretically and reported experimentally in recent years (Makarova and Palacio 2006). The 
initial surprising experiments were confirmed by the independent groups. The fact that 
carbon atoms can be magnetically ordered at room temperature was confirmed by the direct 
experiment: an element-sensitive method X-ray magnetic circular dichroism. Electron spins 
in diamond show the longest room-temperature spin dephasing times ever observed in solid-
state systems which makes them very promicing for spintronics (Balasubramanian2009). 
 
8. Possible traps in search of magnetic order 
 The source of RTFM is often controversial and contentious particularly because of 
the possible role of undetected ferromagnetic impurities such as Fe, Co, Ni, etc. 
(Janisch2005). Even pure single crystalline sapphire substrates show a ferromagnetic 
behavior due to iron concentration ranged from 1 to 260 nanogram per centimeter squared 
(Salcer2007). Impurities can be introduced during the procedure used to fix the substrates to 
the oven (Golmar2008). Nanoparticles of various sizes and shapes were observed as a result 
of hydrothermal treatment of cyanometalate polymers (Lefebvre 2008).  Silicon has been 
declared as a magnetic element, (Kopnov 2007). RTFM observed in Co doped ZnO grown on 
Si (100) has been characterized as coming from  Si/SiOx interface. (Yin 2008). It was shown 
that Si FM is not intrinsic: iron from the pyrex glassware appears on silicon substrate after 
etching in hot KOH  in the form of well-separated ferromagnetic particles. Smoking is a 
possible source of data contamination to be avoided in magnetism laboratories (Cador 2008). 
The paper (Garcia 2009) analyses the errors coming from such units of SQUID equipment as 
polyimide Kapton tape, gelatin capsules, cotton, plastically deformed straws, anisotropy 
artifacts coming from irregular distributed impurities.  
An important source of mistakes in the interpretation of the experimental data is 
underestimation of the role of iron in the measured magnetic signal. Usually the authors use 
the following logics: “Let us start with a rather unrealistic assumption that all iron impurities 
form metallic clusters and all clusters are large enough to behave ferro- or ferri-
magnetically…” Indeed, in order to contribute to the total magnetization of the samples, the 
impurities must interact magnetically.  Simple addition of   transition metals does not lead to 
ferromagnetic properties, as no interaction pathway is provided.   However, the assumption 
that all atoms of transition metals form clusters large enough, is not an unrealistic. If the 
sample was prepared at high temperatures, metallic atoms could aggregate during the cooling 
process with the formation of clusters (Lefebvre 2008 ). For iron superparamagnetic limit is 
of the order of 150 Å, i.e. about 105 atoms per Fe cluster (Kittel 1946). Normally for smaller 
particles FM is not expected. However, one must take into account the effects of the local 
environment on the electronic structure and magnetic moments which can be different for 
various structural forms (Liu 1989). If the iron concentration is   small, the absence of 
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superparamagnetic behaviour  (Babonneau 2000, Enz 2006, Schwickardi 2006) suggests that 
impurities either do not contribute to magnetic properties, or their role is far from trivial.   
The sample may provide special conditions for the metallic atoms to aggregate. One 
example is iron in nanographite matrix: there is an accidental matching of the Fe–Fe distance  
2.866 Å with that of the C1–C4 distance ~2.842 Å of the hexagonal rings in graphite (Kosugi 
2004). However, proximity of carbon generally leads the reduced magnetization of iron 
(Saito 1997, Host 1998, Fauth 2004). Carbon quenches ferromagnetism of iron in the case of 
stainless steel. 
In bulk Fe, magnetism and structure are strongly dependent. The magnetic moments 
of free Fe monolayers are theoretically found to be larger than those of the surface with 
values equal to 3.2 B for Fe(001)  (Freeman 1991). Magnetic moments µ(N) of iron clusters   
µ (25≤N≤130) is 3µB per atom, decreasing to  the bulk value (2.2µB per atom) near N = 500. 
For all sizes, µ decreases with increasing temperature, and is approximately constant above a 
temperature TC(N). For example, TC(130) is about 700 K, and TC(550) is about 550 K (TC 
bulk =1043 K). (Billas 1993). This means that neither the absence of large clusters nor an 
unusual Curie temperature can be taken as an evidence of iron-independent magnetism. The 
enhancement of magnetism at the surface can be qualitatively understood from the analysis 
ob spin imbalance in the bulk and on the surface.(Fritsche 1987). 
Small iron clusters are driven into a nonmagnetic state by the interaction to graphitic 
surfaces (Fauth 2004). Proximity of carbon generally leads the reduced magnetization of the 
transition metal clusters (Saito 1997, Host 1998). The reduced magnetism in case of very 
small clusters is explained by the fact that the transition metal 4s-related density of states is 
strongly shifted upwards in energy due to the repulsive interaction with the carbon pi orbitals 
(Duffy 1998). Nontrivial origin of magnetic behaviour in contaminated carbon-based 
materials may result from catalytic or template  properties of transition metal atoms. 
Fe impurities weaken the ferromagnetic behavior in Au  by delocating the charge 
from the surface of the NPs (Crespo 2006). Such magnetic element as cobalt suppresses 
ferromagnetism in intrinsically magnetic ZnO films (Ghoshai 2008). 
  
 9. Nontrivial role of transition metals. Charge transfer ferromagnetism 
One of the mechanisms of nontrivial role of magnetic metals in d-zero 
ferromagnetism is contact-induced magnetism which arises when nonmagnetic materials 
brought in the proximity with magnetic ones (Cerpedes 2004) or thin films in C/Fe multilayer 
stacks (Mertins 2004). 
There are theoretical models which explain the role or iron as just the role of a defect, 
and magnetic nature of the dopant does not play a role. In case of ferromagnetism of undoped 
CaB6 iron serves as one of the defects which lead to a partially occupied impurity band  
which is responsible for RTFM (Edwards and Katsnelson 2006). 
A non-trivial role of transition metal impurities in oxide ferromagnetism is proposed 
in Ref. (Osorio-Gullien 2008) The impurities introduce excess electrons in oxides and either 
(i) introduce resonant states inside the host conduction band and produce free electrons or (ii) 
introduce a deep gap state that carries a magnetic moment. The second scenario leads to a 
ferromagnetic behaviour. 
The following arguments have been put forward by (Coey 2008)  that magnetism in 
the dilute magnetic oxide films is not related to the transition metal cations: The oxides are 
not well crystalline materials, on the contrary, magnetism is governed by the defect structure; 
high Curie temperatures are incompatible with low concentration of magnetic dopants, and 
the dopants itself are paramagnetic whereas the whole sample is ferromagnetic. Also, the 
magnetic semiconductor effects such as Hall, Faraday and Kerr effects are not observed. 
Thus, magnetism in these systems is not due to the ferromagnetically ordered moments of the 
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doping cations mediated by the carriers. The role of transition metal ions is to provide a 
charge reservoir, and this ability is due to the fact that the cations can exist in two different 
charge states. “It is therefore the ability of the 3d cations to exhibit mixed valence, rather than 
their possession of a localized moment, which is the key to the magnetism” (Coey 2008). The 
proposed model of a formation of a defect-based narrow band and tuning the position of the 
Fermi level by transferred charges was named charge-transfer ferromagnetism. 
 
10.  Interface magnetism 
There is growing experimental evidence that a new type of magnetism has been 
identified, namely, a magnetism related to surfaces and interfaces of nonmagnetic materials, 
the “interface magnetism” (Brinkman 2007, Eckstein 2007). Similar effects have been 
descrifbed for different objects: organic molecules adsorbed on metals (Carmeli 2003)  HfO2-
coated silicon or sapphire(Ventkatesan 2004)  silicon/silicon oxide interfaces (Kopnov 2007) 
or PbS self-assembled nanoparticles on GaAs (Zakrassov 2008). Au, Ru, Rh, Pd which do not 
show bulk magnetization, becomes magnetic at the nanoscale. Semiconductor nanoparticles 
show increasing magnetization for decreasing diameter (Neeleshwar 2005), strong size 
dependence was found for Ge quantum dots (Liou 2008).  Ferromagnetism of a different 
nature is observed in thin films and nanoparticles capped with organic molecules (Crepso 
2004, Yamamoto 2004). From the analysis of the anisotropy of thiol capped gold films, a 
conclusion is made that the orbital momentum induced at the surface conduction electrons is 
crucial to understand the observed giant anisotropy (Hernnando 2006, Hernando 2006b). 
 
11. Conclusions 
Due to the present status of researches in this field, the author does not take a liberty to give 
preference to any of the theories.  What is unambiguously clear now is that nanoscale 
magnetism of otherwise nonmagnetic materials is sui generic, i.e. 'outside the family'. 
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